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ABSTRACT

ROBBED: EXPLORING THE ROLE OF THE DCS IN
SPATIAL AND TEMPORAL PROCESSING
Philip Anthony Blankenship II, M.A.
Department of Psychology
Northern Illinois University, 2016
Douglas G. Wallace, Director
Spatial orientation, or an animal’s ability to navigate through space, is dependent on
multiple specialized neural processes. Spatial disorientation, or loss of the ability to navigate
through one’s environment, often stems from damage to one or more of the neural systems that
sustain these processes. Limited research has investigated the role of the dorsocentral striatum
(DCS) in relation to spatial orientation. The current study evaluated the role of the DCS in
egocentric processing (processing information relative to the self). Long-Evans rats received
unilateral NMDA lesions of the DCS followed by testing in the food protection task.
Performance in this task is mediated by the motivation of the animal to eat the food item, its
perception of the time required to eat the food item, its sensory ability to process egocentric cues,
and its motor ability to evade an incoming conspecific. Unilateral DCS lesions were shown to
impact both sensory and temporal characteristics of food protection behaviors. This research
provides the foundation for developing of a novel assessment of responding to the egocentric
reference frame.

NORTHERN ILLINOIS UNIVERSITY
DEKALB, ILLINOIS

MAY 2016

ROBBED: EXPLORING THE ROLE OF THE DCS IN
SPATIAL AND TEMPORAL PROCESSING

BY
PHILIP A BLANKENSHIP
©2016 Philip Anthony Blankenship II

A THESIS SUBMITTED TO THE GRADUATE SCHOOL
IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR THE DEGREE
MASTER OF ARTS

DEPARTMENT OF PSYCHOLOGY

Thesis Director:
Douglas G. Wallace

ACKNOWLEDGEMENTS

I would like to thank my thesis director and advisor, Dr. Doug Wallace, for his
help and guidance throughout this project. I am also grateful for the input and time that
my committee members have provided. Furthermore, I wish to thank Cara Wolf for her
immense help with behavioral testing and data analysis associated with this project. I am
greatly appreciative for the Psychology Department and the Graduate School for funding
and my fellow neuroscience and behavior members for their advice and perspectives.

DEDICATION

To Staci Rose McClain, my love and biggest supporter, and to my family for all of their
love and support

TABLE OF CONTENTS
Page
LIST OF FIGURES ........................................................................................................... vi

Chapter
1. INTRODUCTION ................................................................................................1
Spatial Orientation ................................................................................................3
Neurobiology of Spatial Orientation ...................................................................10
Early Work ..........................................................................................10
Role of the Hippocampus....................................................................11
Role of the Cortex ...............................................................................15
Role of the DCS ..................................................................................18
Food Protection ...................................................................................................26

2. METHODS ............................................................................................................34
Subjects ...............................................................................................................34
Surgery ................................................................................................................34
Apparatus ............................................................................................................35
Procedure ............................................................................................................35

v

Chapter

Page
Data Analysis ..............................................................................................36
Histology .....................................................................................................38
Cresyl Violet ..........................................................................................38
Fluorescent Immunohistochemistry ............................................................38

3. RESULTS ....................................................................................................................40
Histology ......................................................................................................40
Lesion Area ..................................................................................................40
Open Field ....................................................................................................42
Time to Consume the Food Item ..................................................................42
Macro-Level Food Protection Characteristics ........................................45
Micro-Level Food Protection Characteristics .........................................51
4. DISCUSSION ..........................................................................................................52
Interval Timing & Food Protection .............................................................52
Egocentric Deficits ......................................................................................61
Attentional Deficits .....................................................................................63
Contributions of Other Factors to Food Protection .....................................66
Conclusions .................................................................................................67
BIBLIOGRAPHY ..........................................................................................................69

LIST OF FIGURES
Figure

Page

1. Diagram of groups for Blodgett et al. (1949) ..............................................................8
2. Anatomical reference for DCS location .....................................................................19
3. Diagram of DCS connections. ....................................................................................24
4. Concentric circles used to measure the distance between noses of the
dodger and robber. ......................................................................................................27
5. Topographic and kinematic representations of food protection behaviors ................37
6. Histology ....................................................................................................................41
7. Lesion Area: Bregma 0.96 mm (Paxinos and Watson, 2005)....................................43
8. Open field measures. ..................................................................................................44
9. Measures of motivation and motoric function for food protection ...........................46
10. Food protection behavior transitions .......................................................................48
11. Temporal Characteristics .........................................................................................50
12. Spatial Characteristics ..............................................................................................52
13. Micro-level food protection characteristics .............................................................53
14. Cortico-striatal-thalamic interval timing circuit ......................................................56

CHAPTER 1
INTRODUCTION

Spatial orientation, or an individual’s ability to navigate through space, is dependent on
multiple specialized neural processes. Spatial disorientation, or loss of the ability to navigate
through one’s environment, often stems from damage to one or more of the neural systems that
sustain these processes (Aguirre & D'Esposito, 1999). For example, a common symptom in
patients with dementia of the Alzheimer’s type (DAT) is wandering, which is a behavior
associated with being lost or disoriented. Alternatively, patients who have experienced a stroke
exhibit impairments in spatial orientation (Meerwaldt & VanHarskamp, 1982). Specifically,
patients have been reported to display multimodal impairments to the side of their body that is
opposite to the side of the brain the stroke occurred on, known as spatial neglect (Heilman,
Watson, & Valenstein, 2003). These neurological cases demonstrate that disruptions in spatial
orientation can occur from damage to one of many neural systems. Inevitably, as the age of our
population rises so does the percentage of Americans that become susceptible to these
neurological disorders.
Research from the National Institute of Aging (2011) indicates that once a person reaches
the age of 65, the prevalence of dementia and other neurological related disorders (i.e., stroke)
roughly doubles every year after. According to information from the U.S. Census Bureau, the
number of people age 65 and older will more than double and the number of people age 85 and
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older will triple between 2010 and 2050 (Howden & Meyer, 2011). This translates into an
ever- increasing aging population that continues to become more susceptible to neurological
disorders that result in spatial disorientation. The prevalence of these neurological disorders is
only one component of the challenge that researchers face.
To fully understand and appreciate the need to explore treatment for these neurological
disorders, one must examine the enormous costs associated with them. It is often the case that
individuals with dementia gradually lose their ability to remember and their ability to live
independent lives. As a result, they often rely on family, friends and other caregivers for support.
This is also often the case for individuals who have survived a stroke; these individuals are often
left with several impairments to motor and cognitive function, in some cases rendering them
unable to carry out the simplest of tasks. The family, friends, and caregivers of these individuals
must struggle with the emotional, physical, and financial stresses that come with caring for their
loved ones. In addition, for those caregivers who support individuals with dementia, they must
make difficult decisions that are associated with someone who is becoming increasingly
forgetful, confused, and lost as the disorder progresses. The estimated annual costs for caring for
someone with DAT range from $18,500 to more than $36,000, varying on the stage of the
disease (Alzheimer’s Foundation of America, 2013). Aside from those who care for people with
these neurological disorders, additional societal costs are mounting. According to the
Alzheimer’s Foundation of America (2013), the national costs for caring for individuals with
DAT are estimated at $100 billion annually. According to the Centers for Disease Control
(2012), the national costs associated with stroke patients are estimated at $54 billion annually.
These costs stem primarily from lost productivity due to caregivers having to remain home with
their loved ones.
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The overwhelming prevalence and rising costs associated with caring for those with the
disorders is continually on the rise. Unless something is done or more effective treatments are
developed, these figures and costs will continue to rise exponentially. For example, the more
people who suffer from these impairments to spatial orientation (as a result of dementia, stroke
or other neurological diseases), the less likely they are to live independently. This in turn may
result in more families having to support them, which may result in more lost productivity and
more costs as a whole. The widespread effects of these diseases illustrate the need for research
in this area.
Taking into account the preceding lines of evidence, it is imperative that research be
conducted examining the function of the basic network of structures that supports spatial
orientation. Understanding how these structures work together may provide the basis for novel
treatments for neurological disorders. Such treatments may potentially provide a means of
rehabilitation and a possible increase in the number of individuals who are able to lead more
independent lives. The following sections will consider the information processing that maintains
spatial orientation and discuss the neural systems that mediate this processing.
Spatial Orientation
Animals use two sources of information to guide in their navigation (Gallistel, 1990).
One source of information employed includes environmental cues which include any visual,
olfactory, or auditory-generated stimuli. Additionally, animals make use of self-movement cues
which include vestibular, proprioception, optic flow, and motor efferent copies that are generated
during movement. Navigation is accomplished by establishing and maintaining a trajectory from
one’s current location to one’s intended location. Several navigational strategies can be applied
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to each source depending on the animal’s familiarity with its surroundings as well as its access to
cues in the environment.
Assuming the animal is familiar with the environment and has access to environmental
cues, several strategies can be used to guide movement. For example, beacon homing involves
using a specific external cue (or landmark) to guide movement to a goal location (Gallistel,
1990). Rats have been shown to use odor cues in dry and water maze tasks. Rats trained to
follow scented strings on a table to a food item are capable of discriminating between scented
strings such as their own scent vs. that of conspecifics to locate food in the environment
(Wallace, Gorny, & Whishaw, 2002). Additionally, rats have been shown to use odor cues in a
water maze task in order to reach a hidden platform for escape (Means et al., 1992). While this
strategy requires a low cognitive demand, it is not flexible. When the beacon is removed, the rat
will need to rely on a more flexible (and as a result a more cognitively demanding) strategy. An
example of such a strategy is known as piloting.
Piloting involves navigating to a goal location relative to other environmental landmarks
(Gallistel, 1990). Previous research has demonstrated that, when intra-maze landmarks are held
consistent, rats were able to accurately navigate to a hidden platform that was moved between
trials (Hogarth, Roberts, Roberts, & Abroms, 2000; Pearce, Roberts, & Good, 1998). Similar to
piloting, rats are able to navigate using the multiple relationships between landmarks, also
known as cognitive mapping. A cognitive map is a mental symbolic representation of an
individual’s surroundings that allows the individual to utilize various landmark relationships to
navigate differentially from place to place (O’Keefe & Nadel, 1978; Tolman, 1948). In other
words, a cognitive map is formed by encoding the symbolic relations between objects in the
individual’s surroundings. Such a representation would allow an individual to short cut through
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their environment. An illustration of the ability to make detours or short cuts according to one’s
cognitive map can be seen in rats trained to reach a food box in a sun-burst maze (Tolman,
Ritchie, and Kalish, 1946). During training, rats were run through an elevated maze in which
they were required to travel from their starting location through an open circular table and down
four alleys (making one left and two right turns) to reach a food box. During testing the elevated
maze was adapted into the sun-burst maze (for a detailed illustration of the apparatus, see
Tolman et al., 1946). Rats experienced starting in the same starting location and traveled through
the same open circular table. However, when the rats approached the original alley, it was now
blocked. Instead, rats were allowed to explore and choose one of 18 different alleys that shot off
in varying degrees. Overwhelmingly, rats tended to choose the alley which ran at a degree such
that the alley ended in close proximity to the spatial location of the food box. This suggests that
the rats did not merely encode the original route of the elevated maze; rather, it suggests that the
rats encoded the specific spatial location of the food box, providing evidence for the ability to
encode their environment and adapt their path of travel accordingly. It is important to note that
cognitive mapping requires access to environmental cues in order to encode such symbolic
relations between objects. When environmental cues are restricted or not accessible, selfmovement cues can be used to guide movement.
When rats are in a novel environment or their access to environmental cues is restricted,
they rely on internally generated self-movement cues to guide movement. A navigational
strategy that strictly employs self-movement cues is dead reckoning, an online process that
involves the integration of changes in heading and position within a transpired temporal context
to compute the appropriate distance and direction to return to a former location (Gallistel, 1990).
For example, after leaving a refuge, a rat will estimate the direction and distance required to
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return to its refuge by detecting and integrating changes in its angular and linear movements.
Blindfolded rats were able to reliably return to their refuge after foraging for a food item
(Maaswinkel, Jarrad, & Whishaw, 1999). Even when the table was rotated to sham for odor cues,
the blindfolded rats were able to reliably return to their refuge. These results provide evidence
for the integration of self-movement cues to guide movement. Given that the establishment of a
nest or refuge is imperative to a rats survival, possessing the ability return to its refuge from a
novel area (where environmental cues may be unavailable) would be crucial to survival. Sources
of information such as environmental and self-movement can be further discussed in terms of
their reference frames.
Sources of navigational information can be further classified into allocentric and
egocentric reference frames. Processing in an allocentric reference frame is based on assessing
orientation relative to specific stimuli representing location or the relationships between these
stimuli that are independent to one’s body orientation in space (Kesner, Farnsworth, & DiMattia,
1989). A classic example of an allocentric learning task is the water maze task (Morris, Garrud,
& Rawlins, 1982). Rats trained to swim to a submerged platform in a circular swimming pool
were believed to have relied on allocentric processing to solve the task. In the water maze task,
rats were released from the periphery of the water maze (facing the wall) and then allowed to
swim around the pool until they encountered a hidden platform, which allowed the rat to escape
the water. Rats were assumed to use allocentric cues or room cues to guide their movements
toward and thus learn the place of the hidden platform (Morris et al., 1982). Additional work
examining allocentric processing employed a cheeseboard task (Kesner et al., 1989). In this task,
rats were trained to learn the location of a food item based on its relation to other stimuli
independent of the orientation of the rat’s body. Rats were placed on the edge of the cheese
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board (diameter of 119 cm and containing 177 round holes in which a food item could be placed)
in an experimental room in which pictures located on the walls served as locale stimuli. Rats
were then allowed to explore the board until they found the food item. For the first 20 trials, the
food item’s location was not changed (similar to Morris, Garrud, and Rawlins’ [1982]) water
maze experiment). Across trials, rats’ latency to find the food item decreased. It was
hypothesized that the rats engaged in an allocentric searching strategy in which they relied on
relations between the food item’s location and the stimuli located around the room. This type of
strategy is independent of egocentric processing (navigating in self-reference-frame) and instead
relies on relationships between stimuli location (similar to landmark navigation).
As mentioned previously, processing in an egocentric reference frame is independent of
allocentric processing and is based on assessing orientation relative to the self (Kesner et al.,
1989). For example, rats trained in an elevated T-maze made fewer errors in finding a food
reward when the rats were tasked with employing egocentric processing (Blodgett, McCutchan,
& Mathews, 1949). Rats were trained on an elevated T-maze that was interchangeable at spatial
positions (see Figure 1). Groups of rats experienced manipulations of the food box, direction
from choice point to food box, or the turn at the choice point which could be held common
between the two spatial placements of the T-maze. The Place Group experienced the food box
held in common across spatial location changes. This constituted a place-learning task where the
rat solved the maze by returning to the same spatial location for food. The Direction Group
experienced a common direction from the choice point to food location across spatial locations.
This constituted a direction-based learning task where the rat was expected to adopt a strategy in
which they always turned to a specific direction to reach the food (i.e., the food is always in the
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Figure 1: Diagram of groups for Blodgett et al. (1949): (A) A Place Group of rats experienced
the food box held in common across spatial location changes (S2/F2 & S4/F2). (B) A Direction
Group of rats experienced a common direction from the choice point to food location across
spatial locations (S1/F1 & S4/F2). (C) A Response Group of rats experienced having to make a
common turn at the choice point between the two locations (S1/F1 & S2/F2).
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west direction). Additionally, the Response Group experienced having to make a common turn at
the choice point between the two locations. This constituted a response-based learning task in
which the rat was expected to adopt a strategy of turning in a specific direction to reach the food
(i.e. always turn left or turn right to reach the food bin). The results of the experiment indicated
that those rats who engaged in an egocentric strategy (i.e. direction or response learning
strategies) performed significantly better (made significantly less choice errors) than those rats
that were tasked with an allocentric, place learning task (Blodgett et al., 1949). Additional
research examining egocentric processing utilized the radial arm maze (Kesner et al., 1989). Rats
were trained to solve a “turn right” or “turn left” task. In this task, rats were placed at the end of
a randomly selected arm in an 8-arm radial maze. The two arms adjacent to the rats’ starting arm
were the only baited arms. Thus the rats were rewarded for entering and exploring adjacent arms
to the either the left or right of the arm they started in (exact location of the reward was not
related to a fixed location in the maze). It is inferred that the rats developed an egocentric
searching strategy of either “turn left” or “turn right” (counterbalanced across rats) when leaving
the starting arm. It is important to note that this strategy is thought to be egocentric in nature
because the strategy developed is based around a “self-reference-frame” in that the rats’
decisions involve processing navigation in relation to the self (Kesner et al., 1989).
In sum, rats use a variety of navigational strategies to guide their movement, all of which
are important in finding resources and returning safely to their refuge while avoiding predation.
Without the ability to use these multiple systems, a rat’s likelihood of becoming lost in an
environment increase. Similarly, an individual with a neurodegenerative disorder such as DAT or
stroke, who loses their ability to reliably engage in these navigational strategies may become
disoriented and may begin to wander. The nature of this disruption in the ability to use such
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navigational strategies remains unclear. The following section will discuss the neurobiology of
spatial orientation to further evaluate the causes of spatial disorientation.
Neurobiology of Spatial Orientation
Early work.
Lashley (1951) sought to investigate where the neural basis of memory (or as he called it,
the engram) was located. To accomplish this, rats received cortical ablations and were trained in
a discrimination learning task (specifically beacon homing). His results demonstrated that despite
receiving gross cortical ablations, the rats were still able to relearn habits and perform just as
well as sham rats on the discrimination tasks. This discovery prompted Lashley to posit the
principle of equal potentiality, which states that the brain can provide compensatory mechanisms
in reaction to brain damage (Lashley, 1951). In other words, although surgical removal of a
portion of the cortex can produce significant behavioral deficits, there are other compensatory
mechanisms that can function to recover from these deficits. Lashley believed that through
additional training and time, new neuronal connections could be formed that provide
compensatory outlets for functioning. Lashley argued that the brain was capable of plasticity in
that when one region of the brain is damaged other regions of the brain step up and provide
compensatory function of the impaired region. Additionally, Lashley (1951) put forth the
principle of mass action, which states that the ability of a rat to relearn a task is proportional to
the amount of tissue that is destroyed. The more tissue destroyed, the greater the difficulty the rat
had in relearning the task. In other words, mass action stated that memory cannot be localized to
any one cortical area. Instead, the results of Lashley’s studies indicate that memory traces are
distributed throughout the cortex. These principles provide a possible explanation as to why rats
that receive focal cortical lesions are still able to perform as well as shams on such
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discrimination tasks; however, larger lesions are associated with poorer performance. Lashley’s
early work and the principles of mass action and equal potentiality provided the foundation for
future lesion work examining the neurobiology of memory. The questions that remain about
whether memories can be localized to any specific brain tissue have been informed by the case
study of H.M.
Several case studies published in the late 1950s provide evidence of memory localization
in the hippocampal formation (Scoville & Milner, 1957). A specific illustration of this evidence
comes from a patient by the name of H.M., who suffered from debilitating major seizures
causing tongue-biting, urinary incontinence, and loss of consciousness. Despite being prescribed
heavy anticonvulsants, H.M. experienced an increased frequency of major seizures leading to
him not being able to work. Due to the ineffectiveness of the anticonvulsants, surgery was
considered. H.M. underwent a bilateral medial temporal-lobe resection that extended posterior
for 8 cm., thus excising the hippocampal formation and its adjacent structures. Post-operative
assessment revealed a decrease in major epileptic episodes but also a marked impairment in
memory function (Scoville & Milner, 1957). H.M. was unable to recall memories for events that
followed his surgery, suggesting that the hippocampal formation plays a primary role in the
formation of new memories. In lieu of this evidence, research began to focus on the role of the
hippocampus in memory and spatial processes.
Role of the hippocampus.
Initial work examining the neural basis of spatial processes reported the preferential
firing of hippocampal neurons at specific locations in a rat’s environment. Specifically, neurons
exhibited preferential increases in firing rates in particular portions of a T-maze (O’Keefe &
Dostrovsky, 1971; O’Keefe & Nadel, 1978). Subsequent work has observed that certain cells
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fired at specific locations in a cylindrical apparatus with an off-color cue card (Muller, Kubie, &
Ranck, 1987). For example, a specific cell was observed to fire preferentially when the rat was
near the right edge of the cue card. Additionally, this preferential firing was shown to be
independent of the rat’s heading direction, suggesting the formation of a symbolic representation
between environmental cues. In other words, when the cue card was moved around the cylinder,
regardless of the direction the rat was facing, that same specific cell was observed to fire
preferentially at the location of the right edge of the cue card. Other work advancing the theory
of cognitive mapping has examined performance on spatial tasks following lesions of the
hippocampus.
Further support for the cognitive mapping theory was observed when damage to the
hippocampus in rats impaired spatial navigation in the water maze (Morris et al., 1982). Rats
experienced aspiration lesions of the hippocampus and the overlying cortex prior to water maze
testing. Two tasks, beacon homing and piloting, were created by manipulating the visibility of
the platform. A visible platform, which protruded 2 cm above the water, constituted a cuenavigation strategy in which performance is dependent on beacon homing. Alternatively, a
hidden platform, placed beneath the surface of the water, constituted a place-navigation task in
which performance is dependent on piloting or cognitive mapping. Lesion rats demonstrated
significant impairments in the place-navigation task but no group differences were observed in
the cue-navigation task. This suggests that while the ability to use environmental cues is spared
when the hippocampus is removed, the ability to engage in cognitive mapping processes is
impaired, supporting a role for the hippocampus in cognitive mapping. Although a literature has
been developed implicating a role for the hippocampus in cognitive mapping, other work has
challenged this view.
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A series of studies have challenged the cognitive map view of hippocampal function and
have posited the role of the hippocampus in self-movement cue processing. Initial work
demonstrated that hippocampal damage spared use of environmental cues to guide navigation on
the radial arm maze (Olton et al., 1979). The radial arm maze involved eight maze arms with
four of the arms being baited. The other four arms were always unbaited. Entering an arm that
has never been baited constituted a reference memory error. Re-entering a previously visited arm
constituted a working memory error. Hippocampal rats were shown to be able to perform as
accurately as shams in the reference memory task in that they always avoided the unbaited arms.
While they avoided the unbaited arms, hippocampal-damaged rats would frequently re-enter a
previously baited arm after having retrieved the food from that arm. When the hippocampaldamaged rats’ working memory was assessed, they performed at chance levels. This suggests
hippocampal involvement in working memory. These results are inconsistent with the cognitive
mapping theory. If the hippocampus is believed to be responsible for generating symbolic
representations of the relationships between stimuli, then rats with hippocampal system damage
should have performed at chance levels in both tasks. One limitation that the previous study
contained was that it did not incorporate a way to account for self-movement cues as an
important source of information for working memory.
The food hoarding paradigm, a task that is capable of dissociating between environmental
and self-movement cue processes, has been used to investigate the role of the hippocampus and
its related structures in assessing environmental and self-movement cue processing (Köppen,
Winter, Stuebing, Cheatwood, & Wallace, 2013; Maaswinkel & Whishaw, 1999; Martin &
Wallace, 2007; Wallace, Hines, Pellis, & Whishaw, 2002; Whishaw & Tomie, 1997; Whishaw,
Hines, & Wallace, 2001;Winter, Wagner, McMillin, & Wallace, 2011). The food hoarding
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paradigm involves rats being trained to leave their home base, locate a randomly placed food
pellet on a large table, and carry it to their home base for consumption. Differing types of spatial
processing can be assessed individually depending on testing conditions. Under cued light
conditions (proximal cues which are associated with the animal’s refuge and distal
environmental cues or room cues), rats have access to environmental cues and self-movement
cues and are able to use beacon-homing, piloting/cognitive-mapping, or dead-reckoning
strategies to navigate back to their home base. Manipulations of the refuge location can
dissociate types of navigational processing. For example, in the hidden probe the refuge is placed
under the table and therefore is not available as a beacon for the rat to use. Under these
conditions, rats are able to use piloting/cognitive-mapping and dead-reckoning strategies to guide
their movement to the refuge. Under dark conditions, environmental cues are absent and the rat
is limited to only using the self-movement cue-processing strategy of dead reckoning to find its
way back to the home base. The food hoarding paradigm provides a rich behavioral assessment
that can dissociate environmental and self-movement cue processes.
Recent work has used the food hoarding paradigm to investigate the role of the
hippocampus in spatial orientation. Specifically, work has examined the spatial navigational
ability of rats with complete destruction of the hippocampus in a food hoarding task
(Maaswinkel, Jarrard, and Whishaw, 1999). Under light conditions, in which rats had access to
beacon-homing, piloting/cognitive-mapping, and dead-reckoning strategies, both sham and
hippocampal lesion rats were able to accurately guide their movement back to the refuge. Under
dark conditions, in which rats had blindfolds placed over their eyes limiting environmental cue
use, only shams were able to return directly to the refuge. The impaired performance was
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attributed to an impaired ability to process self-movement cues. This suggests that the
hippocampus plays a role in the processing and integration of self-movement cues.
To summarize, spatial orientation is dependent on multiple neural structures. The above
evidence provides support for the hippocampus being a central structure in spatial navigation. It
is suggested that the hippocampus plays a central role in the integration and processing of selfmovement cues. Research has also implicated certain cortical regions in spatial processing.
Role of the cortex.
Several lines of evidence have suggested that a network of cortical structures (particularly
areas of the medial prefrontal cortex) may mediate responding to environmental cues (Corwin &
Reep, 1998; Kesner et al., 1989; King & Corwin, 1992; Wolbers, Weiner, Mallot & Buchel,
2007). The cortical regions of the posterior parietal cortex (PPC) and the medial agranular cortex
(AGm) form a circuit of structures believed to mediate spatial processes (Bucci, Holland, &
Gallagher, 1998; Cheatwood, Reep, & Corwin, 2003; Reep & Corwin, 2009; Reep, Corwin,
Cheatwood, Van Vleet, Heilman, & Watson, 2004; Wu, Corwin, & Reep, 2009). Earliest
research in this area produced dissociable deficits through the use of large lesions that
encompassed multiple structures.
Early research investigating cortical contributions to spatial orientation utilized large
aspiration lesions of the medial prefrontal cortex (MPFc) to examine egocentric and allocentric
processing in rats (Kesner et al., 1989). Rats were trained on a series of behavioral tasks, which
included the adjacent arm and cheeseboard tasks (for details, see Kesner et al., 1989). Rats with
medial prefrontal cortex damage displayed impairments in learning the adjacent arm task (an
egocentric-based task) but showed faster learning in the cheeseboard task (an allocentric-based
task), suggesting that the medial prefrontal cortex may be involved in mediating egocentric
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processing. Given the coarse nature of the MPFc lesions and their large lesion extent, it is
difficult to address which specific structures were the cause of the above impairments. The
MPFc is a large heterogeneous group of cortical areas that has been implicated in spatial
processing. Attempting to understand its substructures may allow for a more specific
interpretation of the function of this region. Subsequent research has produced more specific
evidence indicating that the AGm may be a likely structure responsible for the above
impairments in the rats with MPFc lesions.
Research examining the specific substructures of the MPFc has shown that unilateral or
bilateral destruction of the AGm produces multimodal (visual, auditory, and tactile) neglect
(Burcham, Corwin, Stoll & Reep, 1997; Corwin, Kanter, Watson, Heilman, Valenstein, &
Hashimoto, 1986; King & Corwin, 1990, 1992). Rats with unilateral and bilateral lesions of the
AGm were shown to have spatial impairments (King & Corwin, 1992). Similar to Kesner et al.
(1989), the adjacent arm and the cheeseboard tasks were used to examine egocentric and
allocentric deficits. Consistent with previous results, unilateral-AGm-lesion rats were impaired
on the egocentric adjacent arm task while showing no deficits in the allocentric cheeseboard task.
Bilateral lesions showed increased impairments relative to their unilateral counterparts.
Neuroanatomical techniques have shown that the AGm communicates with the PPC, an
additional cortical structure thought to be involved with spatial processing.
Neuroanatomical techniques have been important in dissociating areas within the MPFc.
For example, anterograde axonal label tracing was used to examine the axonal connections in
MPFc substructures (Reep, Cheatwood, & Corwin, 2003). Rats were injected with biotinylated
dextran amine (BDA), an anterograde axon tracer, into the cerebral cortex. Following a survival
period of 7 to 10 days, animals were perfused and their brains extracted. Results indicated a
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dense amount of labeling between the AGm (a MPFc substructure) and the PPC, suggesting a
high degree of crosstalk. If this is the case, then the PPC may also play a role in mediation of
environmental cue processing.
Work examining the role of the AGm in mediation of environmental cues has implicated
the PPC in similar processes. Unilateral or bilateral destruction of the PPC has been shown to
produce multimodal (visual, auditory, and tactile) neglect similar to that of rats with AGm
lesions (Burcham, Corwin, Stoll & Reep, 1997). In contrast to AGm lesions, which have been
shown to cause impairments in an egocentric-based task, animals that received lesions of the
PPC were shown to display impairments in allocentric-based tasks. Rats that received unilateral
lesions of the PPC were able to learn an adjacent arm task very quickly but demonstrated
impairments in learning a cheeseboard task, suggesting involvement in mediating allocentric
processing (Kesner et al., 1989). Additionally, rats that received unilateral or bilateral lesions of
the PPC displayed no deficits in an egocentric task but showed impairments in the allocentric
task (King & Corwin, 1992). Bilateral lesions showed increased impairments relative to their
unilateral counterparts. Further evidence of cortical communication between the AGm and PPC
can be seen in impairments produced by disruptions of connecting fibers.
Research examining the effects of knife cuts severing the connections between the AGm
and the PPC demonstrated that disruptions in fiber connections between the structures results in
severe multimodal neglect (Burcham et al., 1997). Multimodal neglect impairments included
sensory and motoric deficits in responding to the side of the body contralateral to the lesion. Due
to the sensory and motoric deficits experienced by those with neglect, it is possible that these
deficits may manifest themselves in spatial impairments. In addition to their cortical crosstalk,
the AGm and PPC have been shown to project to similar subcortical structures.
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Neuroanatomical research has indicated that the AGM and PPC send projections to a
convergence structure, the DCS. Anterograde axonal label tracing was used to examine a
corticostriatal attentional circuit (Reep, Cheatwood, & Corwin, 2003). Rats were injected with
biotinylated dextran amine (BDA), an anterograde axon tracer, into the cerebral cortex.
Following a survival period of 7 to 10 days, animals were perfused and their brains extracted.
Results demonstrated strong, dense axonal projections from the AGm and the PPC that
converged in the DCS. Given these results, research shifted toward examining the role of the
DCS in spatial processes. Therefore, the next section will focus on the role of the DCS in spatial
navigation.
Role of the DCS.
The DCS is the major site of corticostriatal projections from the AGm and PPC
(Corwin et al., 1986; Reep & Corwin, 1999).The DCS is located in the striatum between the
genu and the anterior commissure (Figure 2). It is approximately 1 mm in diameter within the
dorsal striatum, which is located roughly .5-1.5 mm below the external capsule and sits
equidistant from the medial and lateral portions of the striatum, located between AP 1.5 and -.5
(Cheatwood et al., 2003; Reep & Corwin, 1999, 2009). The DCS is composed primarily of
medium spiny projection neurons. Medium spiny projection neurons account for approximately
95% of striatal makeup (Kemp & Powell, 1971). These medium spiny projection neurons, which
are primarily GABAergic in nature, are the major target for cortical and thalamic input into the
striatum (Kita & Kitai, 1988). In addition to the medium spiny projection neurons, the DCS
contains interneurons and a variety of large spiny projection neurons composed of dopaminergic
(afferents from the substantia nigra), glutamatergic (some cortical and thalamic efferents), and
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DCS

Figure 2: Anatomical reference for DCS location: The DCS is located in the striatum between
the genu of the corpus callosum and the anterior commissure. It is approximately 1mm in
diameter within the dorsal striatum which is located roughly .5-1.5mm below the external
capsule and sits equidistant from the medial and lateral portions of the striatum, located between
AP 1.5 and -.5.
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cholinergic (a majority of striatal interneurons) cell types. The DCS has been shown to be
involved with certain spatial processes, specifically egocentric processing.
Several lines of evidence have provided support for a role of the DCS in mediating
egocentric processing. Early lesion work examining DCS function has shown that disruptions of
this structure, as well its connections, resulted in spatial impairments. Electrophysiological
research has suggested that the dorsal striatum may be involved in egocentric processes as it has
been shown to contain head direction cells (Mizumori, Pratt, & Ragozzino, 1999; Ragozzino,
Leutgeb, & Mizumori, 2001). Other research has shown that the DCS may allow for
compensation of spatial ability following cortical lesions. Research initially examining the role
of the DCS looked at its effects on cue learning.
Early research examining the dorsal striatum has shown that lesions of this area are
associated with impairments in cue-learning tasks. For example, animals that received bilateral
electrolytic lesions of the dorsal striatum demonstrated impairments in a brightness
discrimination task in which the presentation of a dimmer light stimulus signaled reward
(Schwartzbaum & Donovick, 1968). Work has also demonstrated that striatal lesions impair rats
trained in egocentric maze learning, manifested in poorer performance in finding a baited arm
(Potegal, 1969). Additionally, impairments were observed in a runway-learning task in which
rats with striatal lesions were shown to have greater latencies to reach a goal location (Kirkby,
Polgar, & Coyle, 1981). Impairments in learning were also observed in a radial arm maze task.
Lesion rats demonstrated significantly increased errors (Kesner et al., 1989). Rats that received
caudate nucleus (a substructure of the striatum) lesions exhibited greater latencies to reach a
runway goal for a food reward compared to cortical or sham animals (Kirkby et al., 1981). More
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recent work has looked at the DCS (and its associated structures, the AGm and PPC) in relation
to manifestations of neglect-like behaviors.
As previously discussed, cortical damage of the AGm and/or PPC is associated with
neglect-like symptoms. These structures’ projection zone, the DCS, has also been shown to
produce similar deficits. Lesions of the DCS have been shown to produce severe neglect in rats
(VanVleet et al., 2000). Rats that experienced unilateral DCS lesions exhibited significantly
higher contralateral neglect of visual, auditory, and tactile modalities compared to vehicle
animals under neglect testing. These results indicate that lesioning the AGm’s projection zone in
the DCS produces similar neglect-like symptoms as observed in rats with AGm lesions,
suggesting reciprocal connections between the two structures. Further support for this idea can
be seen in research showing that DCS lesions produce neglect-like deficits like those seen in rats
with AGm lesions (Van Vleet, Heldt, Guerrettaz, Corwin, & Reep, 2002). Specifically, rats
either received unilateral lesions of the AGm or the DCS and subsequently underwent neglect
testing (see Corwin et al. 1986, for procedure). The results show that lesions of the AGm and the
DCS produced similar patterns of neglect as indicated by impairments in their ability to detect
certain visual, auditory, and tactile stimuli presented to them. Similar results have been seen
using the operant-based serial reaction time task (SRTT).
The SRTT is composed of a multi-choice operant chamber designed for a visual choice
reaction time task. Specifically it is designed to assess sensory performance on each side of a
rat’s body. Essentially, this task requires a rat to sustain a nose poke in a central hole until a light
stimulus is presented in an apperature to either the left or right of the central apperature.
Following training, animals received unilateral quinolinic acid injections into the DCS and were
reassessed in the task. Lesion rats were found to exhibit impaired performance on the side
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contralateral to the lesion. This manifested as lower choice accuracy on the contralateral side,
increased latency to respond to a visual target on the contralateral side, and perseveration of
responses to a particular aperture (Brasted, Humby, Dunnett, & Robbins, 1997). The above
research demonstrates that by disrupting portions of the corticostriatal network through lesions,
manifestations of neglect-like impairments may occur, suggesting a role for these structures in
sensory and spatial processing. Other research has examined the plasticity of this system using a
variety of treatments.
Research examining the plasticity of this corticostriatal network has also provided
evidence that the DCS may mediate egocentric processes. Research has shown that following
lesions of the DCS, therapeutic effects of light deprivation seen in AGm lesion rats were not
observed (Van Vleet, Heldt, Pyter, Corwin, & Reep, 2003). In this study, rats (either receiving
lesions of the AGm or DCS) experienced 48 hours of light deprivation following surgery. AGm
lesion rats were shown to improve in their responses to the bilateral stimulation testing (neglect
testing), but no such improvement was seen in DCS lesion rats. This finding suggests that the
DCS (in addition to a therapeutic intervention) may mediate behavioral recovery following
cortical damage. Rats that possessed an intact DCS demonstrated improved performance
following light deprivation, whereas animals that experienced a lesion of the DCS were not
shown to demonstrate behavioral recovery (despite the fact that they possessed an intact AGm).
These data suggest that the DCS may play a pivotal role in improvement of function and the
development of compensatory responses to neglect testing. Further evidence of DCS mediation
of egocentric processes can be seen in rats that received apomorphine (a dopamine agonist
shown to produce acute behavioral recovery of neglect symptomology) infusions into the DCS
following lesions of the AGm. Following infusions, rats exhibited enhanced behavioral recovery
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and improved in their responses to neglect testing (Van Vleet, Burcham, & Corwin, 2000). The
above research provides several lines of evidence suggesting that the DCS mediates the
improvement of function following neglect-producing cortical lesions. Electrophysiological
research examining the head direction circuit has provided another facet for the argument that the
DCS mediates egocentric processes.
Electrophysiological research has shown that the DCS receives angular velocity
and directional information via subcortical structures of the head direction cell circuit (see Figure
3). Research has demonstrated the existence of a head direction cell circuit that has been
implicated in supplying egocentric spatial information. Head direction (HD) cells exhibit firing
characteristics that are tuned a specific direction. These neurons fire at a steady rate, but firing
rates decrease back to their baseline rates as the animal's head turns away from the preferred
direction. Different HD cells have their own unique preferential directions for firing, resulting in
cell activation and firing for any direction the rat is oriented within an environment. Head
direction cells were first identified in the postsubiculum, a structure that is adjacent to the
hippocampus (Ranck, 1984). Head direction cells have also been found in other subcortical
structures such as the mammillary nuclei (Blair,Cho & Sharp, 1998; Stackman & Taube, 1998),
retrosplenial cortex (Cho & Sharp, 2001), thalamus (Taube, 1995), and the entorhinal cortex
(Quirk, Muller, Kubie, & Ranck, 1992). Theories as to the circuit’s connections suggest that the
organization is believed to originate in the reciprocal connections between two subcortical
nuclei: the dorsal tegmental nucleus (DTN) and the lateral mammillary nuclei (LMN). The DTN
contains cells sensitive to angular head velocity (which receives vestibular input from the
nucleus prepositus hypoglossis and medial vestibular nucleus). The LMN contains cells sensitive
to both angular velocity and direction. Signals are then projected to limbic (from retrosplenial
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Figure 3: Diagram of DCS connections. The DCS receives attentional information from cortical
structures and receives head directional information from thalamic nuclei.
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cortex to entorhinal cortex and then to the hippocampus) and striatal regions (from laterodorsal
thalamic nucleus to the dorsal striatum). Here the directional information sent from the DTN and
mammillary nuclei can be integrated with place/location information in the hippocampus and
entorhinal cortex. From there, this integrated place and direction information is sent to sensory
cortical structures, including the medial prefrontal cortex (MPFc) and parietal cortex, to provide
a sense of one’s spatial orientation in the environment (Weiner, & Taube, 2005). Knowledge of
the DCS containing head direction cells has led to research examining its firing patterns in
egocentric tasks.
Electrophysiological research has examined the firing characteristics of head direction
cells in the DCS during egocentric-based tasks (Mizumori, Pratt, & Ragozzino, 1999; Ragozzino
et al., 2001). Recordings of the DCS in rats were taken during a radial arm maze task. Results
revealed that DCS firing rates were strongest when the animal made an egocentric spatial
decision such has turning left or right to enter an arm, suggesting that the DCS is responsible for
detecting changes in the egocentric space and that it mediates processing of such cues. Given that
the DCS is a major projection site of the retrosplenial cortex (a major contributor of angular and
directional integration) and that research has shown that head direction cells in the DCS fire
preferentially during egocentric movements, it may be the case that lesions of the DCS will result
in disruption of the ability to mediate egocentric cue processing and result in impairments during
egocentric-based tasks.
In summation, the above evidence suggests that a corticostriatal network mediates
certain spatial and attentional processes. Several behavioral studies have demonstrated that the
DCS is the receiver and integrator of input from cortical regions (specifically the AGm and PPC)
shown to produce deficits in egocentric-oriented tasks when damaged. The DCS has been
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implicated in mediating improvement of neglect-like impairments and lesions. When the DCS
(or its connections to cortical structures) is lesioned, no improvement in responses during neglect
testing has been shown (Van Vleet et al., 2000). As well as behavioral evidence,
electrophysiological data has shown that the DCS may be involved in the head direction circuit
(shown to exhibit preferential firing during egocentric-based tasks); therefore, the current study
seeks to examine the role of the DCS in egocentric processing mediation in a novel food
protection task. The food protection task has been developed to assess responding in the
egocentric reference frame and takes advantage of spontaneously occurring behaviors.
Food Protection
Spontaneously occurring behaviors are those that rats will readily engage in without
extensive training. One such example is food protection. Several observations of wild rats
suggest that rats can be characterized as being parasitic toward conspecifics when food is
involved. There have been documented reports of young rats returning to the nest area with a
mouth full of grain and were subsequently robbed of their food by older rats (Barnett and
Spencer, 1951). Investigation into this behavior led to the establishment of the food protection
paradigm in which rats’ behavioral responses were observed when they received a food item in
the presence of a conspecific (Whishaw & Tomie, 1987).
The food protection task involves a rat engaging in various behaviors in an attempt to
keep and consume a food item. Specifically, as a rat is consuming a food item and is approached
by a conspecific, one of two behaviors is elicited: either a dodge or a brace. Dodging behavior is
defined as any attempt to escape the conspecific that involves transferring the food pellet to the
rat’s mouth and using its fore limbs to make a full body movement away from the approaching
conspecific (Figure 4). Bracing behavior is defined as any behavior that involved attempting to
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Figure 4: Topographic and kinematic representations of food protection behaviors. Topographic
(top left) and kinematic (bottom left) representations of a single instance of dodging behavior for
a representative sham rat are plotted for a dodger (black lines) and robber (grey lines).
Topographic (top left) and kinematic (bottom left) representations of a single instance of bracing
behavior for a representative sham rat are plotted for a dodger (black lines) and robber (grey
lines).
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escape from an approaching conspecific where the forelimbs are not removed from the food item
during the length of the behavior (Whishaw & Tomie, 1987; Figure 4). Food protection
behaviors are dependent on several factors. Successful protection of the food item is dependent
on the dodger responding to the conspecific’s approach relative to its body (egocentric
processing) as well the dodger’s ability to estimate the time to consume the food item (Whishaw
& Gorny, 1994). Both environmental and temporal factors have been shown to influence the
organization of food protection behavior.
The approaching conspecific provides a salient environmental cue that reliably elicits
food protection behaviors. Research has provided evidence that the ability to engage in these
behaviors can be manipulated through various lesions that affect use of environmental cues.
Work has shown that the ability to engage in food protection behavior can be disrupted through
lesions. Rats with unilateral hemidecortication were shown to display disruptions in their ability
to protect the food item. Impairments consisted of an inability to successfully dodge the robber
on the side contralateral to their lesion. These impairments, despite their large lesion extent, were
shown to recover across testing sessions (Whishaw & Tomie, 1987). Additional evidence for a
role of the cortex in the organization of food protection behavior has been observed in studies
using immunotoxins that target specific neurotransmitter systems.
Cholinergic-specific lesions of the NB have been shown to affect the organization of food
protection behaviors (Martin, Winter, Cheatwood, Carter, Jones, Weathered, Wagner, &
Wallace, 2008). Rats received 192-IgG saporin lesions of the NB and participated in a food
protection task to examine lesion effect on the organization of the rats’ food protection
behaviors. The results demonstrated that NB cholinergic lesions reduced the number of
successful food protection behaviors while sparing the temporal organization of food protection
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behavior. In other words, the NB lesions spared the rats’ ability to transition between dodges and
braces during a trial but caused deficits in their ability to protect the food item from the
conspecific. This suggests that the cortical cholinergic deafferentation caused a deficit in the rats’
attentional processes. This was further supported by observing the close distance between the
lesion animal and conspecific’s noses during sessions. In addition to environmental factors,
temporal factors (including the estimated time of consumption) have been shown to contribute to
food protection behavior organization.
The organization of food protection behaviors has also been shown to be dependent on
temporal processes. Time perception, or the ability to perceive durations of behaviors (like eating
time), is advantageous for an animal to be able to protect its food. As a rat consumes portions of
a food item, its estimate of time changes resulting in differential probabilities of engaging in
either a dodge or brace (Whishaw & Tomie, 1987). The estimate of time associated with food
item consumption falls between the seconds to minutes range, also referred to as interval timing.
A rat’s estimate of time to eat a food item has been suggested to depend on several variables
(Whishaw & Tomie, 1987; Whishaw & Gorny, 1994). One variable that influences the estimate
of time to eat is the size of the food item. The larger the food item, the greater the estimate of
time to eat (i.e, a 1g food pellet will take longer to eat than a 500 mg food pellet). Another
variable that influences the estimate of time to eat is the food item’s hardness or how hard it is to
eat the food item. For example, a rat may take longer to eat a 150 mg Azuki bean than to eat a
150mg food pellet because of the hardness of the Azuki bean. The elapsed eating time, or how
much time has passed since the rat started eating the food item, influences the probability of
engaging in specific food protection behaviors. For example, if a rat estimates a long time to
finish eating a food item, it iss more likely to engage in a dodge. As the rat begins to consume
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the food item, the elapsed eating time and size of the food item changes. These changes result in
a decreased estimate of the time to eat the food item (what is now left of it), which decreases the
probability of engaging in a dodge and increases the probability of the rat engaging in a brace.
Support of these ideas can be seen when rats were given a variety of food items to consume that
varied in size and hardness. As previously described, larger food items were associated with
longer eating times; however, when items of the same size differed in hardness, the harder-to-eat
item took longer to eat. These differences in food size and hardness, in conjunction with elapsed
eating time, influence the probability of engaging in a dodge vs. a brace. Specifically, there is an
increased probability that the rat would engage in a dodge if the rat perceived a longer time to eat
a food item and increased the probability that the rat would engage in a brace if the rat perceived
a shorter time to eat a food item (Whishaw & Gorny, 1994). This suggests that the organization
of food protection behaviors is dependent on the animal’s ability to generate an accurate
estimation of time associated with the seconds to minutes range (interval timing).
The ability to generate an accurate estimate of time in the seconds to minutes range is
referred to as interval timing. Research examining an information-processing model of interval
timing has suggested a three-stage model (Gibbon, Church, & Meck, 1984; Meck, 1996). The
clock stage counts pacemaker-generated pulses, which accumulate across a specified temporal
interval. The memory stage encodes the values from the clock stage into reference memory. The
decision stage involves comparing the current value in the clock stage with those that have
previously been stored in memory in order to determine whether or not matches in values are
occurring and to subsequently decide on an appropriate action (Meck, 1996). Several
neurotransmitter (NT) systems including the dopaminergic and cholinergic systems have been
implicated in interval timing (Maricq & Church, 1983; Martin et al., 2008; Meck, 1996).
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Dopaminergic agonists and antagonists have been shown to selectively influence the perception
and production of temporal intervals. Specifically, pharmacological manipulations of the
dopaminergic system result in alteration of pacemaker speeds (either speeding up or slowing
down) within the clock stage (Maricq & Church, 1983; Meck, 1996). Brain pathologies or
lesions that disrupt the nigrostriatal dopaminergic system have been shown to cause impairments
in interval timing estimation (Matell & Meck, 2004). The cholinergic system is believed to
mediate temporal perception memory. Disruptions of this system are believed to result in
impairments in the memory stage of interval timing (Meck, 1996). Manipulations of these NT
systems have been shown to affect the organization of food protection behavior.
It has been argued that there are clear parallels between the effects of manipulating the
dopaminergic system in classic interval timing tasks and spontaneously occurring behaviors like
food protection or grooming (Meck, 1996; Wallace, Wallace, Field, & Whishaw, 2006).
Research has looked at the influence of dopamine agonists and antagonists on timing estimation
in the context of the food protection paradigm. The experiment examined the influence of
amphetamine (a dopaminergic agonist) and haloperidol (a dopaminergic antagonist) on food
protection behavior initiated to avoid theft by a conspecific. Amphetamine was shown to
increase time spent dodging and decrease time spent bracing during consumption of a food item.
In a temporal context, the administration of amphetamine is associated with a perceived increase
in the time it took the animal to consume the food item, resulting in more observed dodging
behavior. Conversely, haloperidol decreased the time spent dodging while not affecting time
spent bracing. This suggests that the haloperidol and the associated decreases in postsynaptically bound dopamine were associated with a perceived decrease in the time it took the
animal to consume the food item, resulting in less observed dodging behavior and more bracing
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behavior. While the dopaminergic system has been linked to the clock stage, the cholinergic
system has been linked to the memory stage of interval timing.
The cholinergic system is another NT system that has been suggested to play a role in
time perception. Differential lesions of the cholinergic system have produced dissociative
disruptions in food protection behavior organization. Rats received cholinergic-specific 192-IgG
saporin lesions of either the medial septum (MS) or nucleus basalis (NB). Rats that received
cholinergic lesions of the NB demonstrated disruptions in their ability to protect the food item
from theft but a spared ability to organize their food protection behaviors. This suggests an
impairment in these rats’ ability to process egocentric information but spared their ability to
process temporal information. Conversely, MS lesions spared the rats’ ability to protect the food
item from the conspecific but caused an impairment in their temporal ability to transition
between dodges and braces during a trial (Martin et al., 2008). The ability of the food protection
task to dissociate between the egocentric processing and temporal processing components of
food protection highlights the usefulness of this task in further assessment of egocentric
processing.
To conclude, the food protection task was developed that to take advantage of
spontaneously occurring behaviors to examine egocentric processing. Food protection behavior
has been shown to be dependent on several factors that include the ability to make use of
egocentric processes well as the ability to estimate the amount of time required to eat a given
food item. Additionally, the food protection task has been shown to be capable of dissociating
between selective disruptions caused by manipulations to specific neurotransmitter systems.
Previous research has provided evidence that suggests a neuroanatomical structure, the DCS,
may mediate responding in the egocentric reference frame (a critical ability in the context of the
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food protection task). Therefore the current experiment will utilize the food protection task to
assess the impact of DCS lesions on egocentric processing.
This project will investigate the role of the DCS in the organization of food protection
behavior. It is hypothesized that the DCS contributes to egocentric processing as well as being a
part of the interval timing circuit. Therefore it is predicted that DSC lesions will produce specific
spatial and temporal disruptions in food protection behavior. Several hypotheses have been
posed to predict spatial impairments following DCS lesions.
First, rats that receive unilateral DCS lesions will accrue more thefts relative to sham
animals. These accrued thefts occurring in DCS rats are predicted to be lateralized to the side
contralateral to the lesion relative to sham animals. Also, it is hypothesized that the distance
between the noses of the dodger and robber, at the initiation of a food protection behavior, will
be shorter for DCS rats when they are approached on the side contralateral to the lesion relative
to the sham animals. In relation to potential temporal disruptions, it is hypothesized that DCS
lesions will disrupt the rat’s ability to estimate the time to consume the food item, which in turn
will affect their ability to transition between dodging and bracing when compared to sham
animals. It is hypothesized there should be no relationship between DCS function and emotional
or motivational factors such that other characteristics associated with food protection behavior
(time to eat the food item and open field behavior) will not differ between sham and lesion
groups.

CHAPTER 2
METHODS
Subjects
Eighteen female (90 days old) Long-Evans rats obtained from the Northern Illinois
University rodent colony served as subjects for the current study. Rats were pair housed in
plastic cages with the colony room temperature being maintained at 21 +/- 2 degrees Celsius.
Rats were held on a 12 h light/dark cycle and had full access to water, but food was restricted
during food protection to maintain them at 85% of their free-feeding body weight.
Surgery
Under aseptic conditions, rats were anesthetized with a mixture of isoflurane and oxygen.
Using a scalpel, an incision was made to the scalp exposing the skull. A small hole was drilled
in the skull at 0.5 mm anterior and 3.0 mm lateral to bregma. Infusions were made using a
programmable infusion pump (Stoelting) attached to a 1.0 µl 26-gauge Hamilton syringe. The
cannula was lowered 4.0 mm ventral to the dura for the DCS or vehicle group. Lesion rats (n =
8) received micro infusions (.30µl) of NMDA (7.5 μg/μL), administered at the rate of 0.20
μL/min. NMDA (Sigma Chemical Co., St Louis, MO, USA) is a fiber-sparing, excitotoxic drug
that causes an influx of calcium into the cell causing repeated excitation of that cell until necrosis
occurs. Upon cell death, the calcium is then disbursed to and absorbed by surrounding cells
resulting in a cascade of cell death. NMDA has previously been used to damage the DCS
(VanVleet et al., 2002, 2003). Vehicle rats (n = 10) received micro-infusions of Dulbecco’s
phosphate-buffered saline, administered at a rate of 0.20 μL/min. After each injection, the
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cannula was left in place for 2 minutes to ensure that no diffusion of NMDA up the needle track
occurred. All lesion rats received rat chow mash that consists of a mixture of ground rodent
pellets and sucrose. Rats were given a 14-day recovery period prior to behavioral testing.
Following a two-week recovery, rats were food restricted for approximately 7 days or until they
were 85% of their normal free-feeding weight.
Apparatus
The same apparatus was used for open field and food protection tasks. Rats were tested in
a transparent Plexiglas cylinder measuring 45 cm high and 44 cm in diameter. The cylinder was
located atop a table with a transparent top. A mirror was located beneath the transparent tabletop
and positioned at an angle such that the rats were filmed from below (Martin et al., 2008; Pinel et
al., 1992).
Procedure
Two weeks post-surgery, rats were habituated to food items in their home cages. All
animals (excluding robbers) were first run through one session of open field. Open field was
used to assess rats for any motoric or motivational issues brought on by the surgery. For open
field sessions, each rat was placed in the food protection apparatus and allowed to explore the
open field for 20 minutes. No food item was administered for this session. The apparatus was
cleaned between rats with a disinfectant solution. All testing sessions were recorded using a
DVD-recorder attached to a camera positioned for viewing from below for analysis of total
distance travelled during each session. Following the open-field session, animals underwent
habituation for the food protection task.
Rats experienced two additional habituation days in which rats were placed into the
apparatus and fed food items via tongs. Habituation consisted of a 20-minute session in which
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rats were allowed to explore the apparatus alone and were fed food items via tongs. Rats were
recorded eating a food item on the final day of habituation. Following the third habituation day,
rats began testing. Testing consisted of one daily session in which three trials were recorded. The
first two trials consisted of the dodger receiving a food item via tongs in the presence of a
conspecific (randomized across days). If the conspecific succeeded in stealing the food item from
the dodger, the conspecific was removed from the cylinder, the nut removed from the conspecific
and given back to the dodger, then the conspecific was placed back in the cylinder. A trial was
considered to have ended upon complete consumption of the nut by the dodger. The third trial of
the session consisted of the dodger being recorded eating a food item in the cylinder without the
presence of a conspecific. Testing continued for five days.
Data Analysis
For each food protection session, the total time it took that dodger to eat the food item
was calculated and then divided by five to result in five equal time samples. Each behavior
(dodge, brace, and theft) was recorded during each food protection trial. For each behavior, the
side of approach and the distance between the dodger’s and robber’s noses was recorded. The
distance between the noses was calculated using a series of concentric circles. The width of each
concentric circle is approx .5 cm with a distance of 0 for the central circle. When determining
distances, the central circle was placed on the dodger’s nose and the distance between the dodger
and robber was determined by the number of rings between to the two noses.

37

Figure 5: Concentric circles used to measure the distance between noses of the dodger and
robber.The width of each concentric circle is approx .5cms with a distance of 0 for the central
circle. When determining distances, the central circle was placed on the dodger’s nose and the
distance between the dodger and robber was determined by the number of rings between to the
two noses.
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Histology
Cresyl violet.
Following completion of all behavioral testing, all rats were euthanized and perfused
intracardially with phosphate-buffered saline and then a 4.0 % paraformaldehyde solution.
Following the perfusion, the rat’s brain was extracted from its skull and placed in 4.0 %
paraformaldehyde for 24 hours. Brains were transferred into a 30% sucrose solution for an
additional 24 hours, which served to cryo-protect them. Brains were then cut into sections of 40
m coronal sections and mounted on chromalum-subbed slides. Subsets of sections were stained
for Cresyl violet. Following staining, slides were analyzed using an Olympus BH-2 microscope
and photographs of the sections were taken with an Olympus DP72 camera. Photos of the slices
were used to verify that lesions were confined to the DCS.
Fluorescent Immunohistochemistry
In order to visualize lesions, coronal sections were processed using an antibody against
the neuronal marker NeuN (MAB377; Millipore). A spaced series of sections through the rostrocaudal extent of the striatum was incubated in a blocking solution of tris-buffered saline (TBS)
containing 10% normal goat serum (NGS) and 0.1% Triton-X 100 (TX100) for 1 hour at room
temperature. Sections incubated in a primary antibody solution containing a mouse monoclonal
antibody against NeuN (1:500) in TBS with 5% NGS and 0.1% TX100 overnight at 4°C. After
overnight incubation with the primary antibody, the solution was removed and sections washed.
Sections were incubated for 1 hour at room temperature in a secondary antibody solution
containing 5% NGS and 0.1% TX100 as well as a goat anti-mouse secondary antibody with a
fluorescent tag (AF488; 1:1000; ThermoFisher). After copious rinsing in TBS, sections were
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mounted on slides, air dried, and cover slipped with an aqueous medium containing the nuclear
label 4',6-diamidino-2-phenylindole (DAPI-Fluoromount; Southern Biotech). Slides were viewed
and photographed on a Leica fluorescent microscope or on a Leica laser confocal
microscope. Photomicrographs of the sections were used to verify lesion extent and
confinement.

CHAPTER 3
RESULTS
Histology
Lesions were considered successful if they were within the defined stereotaxic
coordinates described previously (i.e, the lesions were positioned between the genu of the corpus
callosum and the anterior commissure, located roughly .5-1.5 mm below the external capsule,
sat equidistant from the medial and lateral portions of the striatum, and were located between AP
+1.5 and -.5). The subset of sections stained with Cresyl violet failed to reveal defined lesions.
The remaining subset of sections co-labeled with NeuN and DAPI was successful at revealing
lesion extent, which is shown for a representative DCS case in Figure 6. Lesions were considered
unsuccessful if they were not contained within the previously described DCS boundaries.
Unsuccessful lesions or “misses” were not used in the study, but data for these animals was still
collected. A detailed description of the lesion extent is to follow.
Lesion Area
Lesion area for each DCS animal can be seen in Figure 7. Dorsocentral lesions on
average were centered 1.3mm ventral to the corpus callosum, 1.4 mm lateral to the lateral
ventricle, and 1.4mm medial to the external capsule. On average, lesions extended from 2.4 ML
to 3.5 ML and from 3.7 DV to 5.4 DV. This is representative of a lesion that encompasses the
lateral portion of the dorsocentral striatum. Maximum lesion extent for DCS lesions can be seen
in case R73 in which the lesion extended from 1.8 ML to 3.4 ML and from 4.1 DV to 6.1 DV.
Minimum lesion extent for DCS lesions can be seen in case R65 in which the lesion extended
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Figure 6: Histology. Representative pictures of a DCS rat coronal section stained with DAPI
(top left panel; blue), NeuN (top right panel; green), and a colabelling of the two immune
markers (bottom panel). The lesion area is characterized by a lack of NeuN staining (a neuron
marker) but a clear labeling of DAPI (a nuclear marker).
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from 3 ML to 3.8 ML and from 3.6 DV to 4.6 DV (Figure 7). Preliminary analysis indicated that
no significant correlation was found between lesion area and dependent behavioral measures
related to egocentric (r(8) = -.620, p = .101) and temporal (r(8) = -.542, p = .165) information
processing. The lack of a significant correlation justifies treating the lesion group as one
homogeneous group to compare to the sham group.
Open Field
In order to determine whether effects observed were due to gross locomotor impairments
or motivational differences, several measures were used. All rats’ first day of habituation to the
apparatus served as an open-field session. The Noldus motion tracking system (Noldus
Information Technology, Wageningen, Netherlands) was used to analyze total distance traveled
and average speed for each open-field session. The independent-samples t-test conducted for
total distance traveled failed to reveal a significant group difference [t(16)= -.728, p = .477, d =
.347]. On average, sham rats traveled 1468.4 cm (SEM: 185.3) and DCS rats traveled 1662.4 cm
(SEM: 187.3) (Figure 8). The independent-samples t-test conducted for average peak speed also
failed to reveal a significant group difference [t(16)= -.740, p = .470, d = .338]. Sham rats’ peak
speeds averaged 58.31 cm/s (SEM: 7.51) and DCS rats’ peak speeds averaged 70.68 (SEM:
16.26). The results suggest that behavior following surgery did not differentially affect the rats’
general locomotor ability to move throughout the testing apparatus (figure 8).
Time to Consume the Food Item
Previous research has used the time to consume the food item in the absence of the
conspecific as a measure of the rat’s motivation to eat the food item. The time to consume the
food item in the absence of a conspecific was recorded for each dodger. An ANOVA was
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Figure 7: Lesion area: Bregma 0.96 mm (Paxinos & Watson, 2005).Lesion area is shown for
each DCS rat at 0.96 Bregma. Maximum extent can be observed in case R73 and minimum
extent can be observed in case R65.
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Figure 8: Open field measures. : Both average peak in speed (top panel) and average total
distance traveled (bottom panel) for sham and DCS rats were not significantly different during
their 20 minute open field session.
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conducted on average time to eat, with group (sham vs. lesion) as a between-subjects measure
and day (1, 2, 3, 4, and 5) as a within-subjects measure. The ANOVA failed to reveal a
significant effect of group [F(1,16)=1.114, p=0.307, η2partial = .065], day [F(4,64)=1.426,
p=0.236, η2partial = .082], or a group x day interaction [F(4,64)=1.788, p=0.142, η2partial = .101].
On average, sham rats spent 101.2 s (SEM: 17.4) consuming the food item while DCS rats spent
125.3 s (SEM: 13.1) consuming the food item. Both sham and DCS rats were equally motivated
to eat the food item (see Figure 9).
Macro-level food protection characteristics.
The total number of food protection behaviors was recorded for each rat across all five
days of testing. An ANOVA was conducted on total number of food protection behaviors, with
group (sham vs. lesion) as a between-subjects measure and day (1, 2, 3, 4, and 5) as a withinsubjects measure. The ANOVA failed to reveal a significant effect of group [F(1,16)=1.393,
p=0.255, η2partial = .080], day [F(4,64)=.883, p=0.479, η2partial = .052], and group x day interaction
[F(4,64)=.713, p=0.586, η2partial = .043]. On average, sham rats exhibited 88.3 (SEM: 6.9) food
protection behaviors and DCS rats exhibited 62.25 (SEM: 12.8) throughout the five days of food
protection sessions. Robbers were equally likely to approach dodgers regardless of lesion
condition (Figure 9).
Several measures were used to dissociate the effects of DCS lesions on the organization
of food protection behavior. The time that dodgers spent engaged in dodging and bracing
behaviors was calculated for each food protection session across the five days of testing. Each
session was divided into five equal samples in order to characterize food protection behavior
transitions across early and late samples. A mixed-design ANOVA was conducted on total
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Figure 9: Measures of motivation and motoric function for food protection. No group
differences were found between for time to consume the food item in the absence of a
conspecific (top panel). No group differences were observed in total number of behaviors
elicited during food protection session (bottom panel).

47

number of food protection behaviors, with group (sham vs. lesion) as a between-subjects
measure and behavior (dodge vs. brace) and sample (1, 2, 3, 4, and 5) as within-subjects
measures. The ANOVA revealed a significant main effect of sample [F(1,16)=15.009, p <.001,
η2partial = .484], a sample x group interaction [F(1,16)=3.291, p=0.016, η2partial = .171], and a
sample x behavior interaction [F(4,64)=11.893, p<.001, η2partial = .426] but failed to reveal a
significant sample x behavior x group interaction [F(4,64)=1.589, p = .188, η2partial = .09].
Examining the sample x group interaction revealed a significant difference in number of
behaviors exhibited during sample 1 (Tukey HSD, p < .05) but not for samples 2-5 (Figure 10).
During sample 1, sham rats exhibited significantly more behaviors (M= 26.8, SEM = 2.65) than
DCS rats (M = 17.125, SEM = 3.66). Examining the sample x behavior interaction revealed a
significant difference in number of behaviors exhibited during sample 1 (Tukey HSD, p < .05)
but not for samples 2-5 (Figure 10). During sample 1, rats engaged in significantly more dodging
behavior (M = 15.06, SEM =2.07) than bracing behavior (M = 5.83, SEM = 1.18). Both sham
and DCS rats exhibited behavioral transitions observed previously in rats engaging in food
protection.
One component of planned analyses involved examining the temporal characteristics of
food protection. In order to examine the temporal characteristics of food protection, the
proportion of each behavior was recorded and averaged for each sample across days to determine
which sample behavioral transitions occurred. Specifically, a behavioral transition was
considered to have occurred when the proportion of total behaviors that were dodges decreased
below 50% and the proportion of behaviors that were braces increased above 50%. The average
sample that this occurred in was recorded for each rat. An independent-samples t-test conducted
on behavioral transitions revealed significant differences between
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Figure 10: Food protection behavior transitions. The number of behaviors across samples for
each group is plotted (left panel). Sham rats (M= 26.8, SEM = 2.65) exhibited significantly more
behaviors than DCS rats (M = 17.125, SEM = 3.66) during sample one. The number of behaviors
across samples for each behavior is plotted (right panel). During sample one, animals engaged in
significantly more dodging behavior (M = 15.06, SEM =2.07) than bracing behavior (M = 5.83,
SEM = 1.18).
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groups [t(16)= -2.476, p = .030, d = 1.12]. Sham rats transitioned significantly earlier (M = 3.2,
SEM = .489) in samples than DCS rats (M = 4.5, SEM = .189). Sham and DCS rats’ estimate of
time significantly differed during food protection sessions (Figure 11).
Of particular interest to the current study was the ability of the rats to successfully protect
the food item from an approaching conspecific. Several measures were used to determine the
effects of DCS lesions on the rats’ spatial ability to detect an incoming conspecific and protect
the food item based on the side that the robber approached the dodger. The total amount of thefts
by side of approach was recorded for each rat. An ANOVA was conducted on total number of
thefts by side of approach with group (sham vs. lesion) as a between subjects measure and side
of approach (left vs. right) as a within subjects measures. The ANOVA failed to reveal a
significant main effect of approach [F(1,16)=.098, p=0.759, η2partial = .006] and group
[F(1,16)=1.991, p=0.177, η2partial = .111]; however, the approach x group interaction was found
to be significant [F(1,16)=7.912, p=0.013, η2partial = .331]. DCS rats exhibited significantly more
thefts (M = 2.87, SEM = 1.36) than sham rats (M = .3, SEM = .15) when the robber approached
the rat from the left side. A mixed-design ANOVA was conducted on average distance between
noses with group (sham vs. lesion) as a between-subjects measure and behavior (dodge vs. brace)
and side of approach (left vs. right) as within-subjects measures. The ANOVA revealed a
significant main effect of behavior [F(1,15)=9.808, p=0.007, η2partial = .395] but failed to reveal a
significant main effect of side of approach [F(1,15)=1.633, p=0.221, η2partial = .098] or a main
effect of group [F(1,15)=.242, p=0.630, η2partial = .016]. The ANOVA failed to reveal a behavior
x group interaction [F(1,15)=1.893, p=0.189, η2partial = .112], a side of approach x group
interaction [F(1,15)=.916, p=0.354, η2partial = .058], a behavior x side of approach interaction
[F(1,15)=.044, p=0.837, η2partial = .003], or
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Figure 11: Temporal Characteristics. The number of dodges and braces are plotted for sham (top
left panel) and DCS (top right panel) rats. The average sample that behavioral transitions
occurred is plotted for sham and DCS rats. Sham rats (M = 3.2, SEM = .489) transitioned
significantly earlier than DCS rats (M = 4.5, SEM = .189).
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a behavior x side of approach x group interaction [F(1,15)=1.203, p=0.290, η2partial = .074].
Overall, the distance between dodger and robber noses was significantly shorter when dodgers
exhibited dodging behavior (M =3.74, SEM =.149) than when dodgers exhibited bracing
behavior (M =4.21, SEM =.165). Differences in nose distance were observed between dodges
and braces, but no differences were observed between groups (Figure 12).
Micro-level food protection characteristics.
The Peak Modus motion capture system was used to conduct micro-level analysis of
movement organization. The peak speeds of five dodges and five braces were analyzed for each
rat to determine if there were any group differences in ability to engage in a certain behavior and
served as a means to assess any motoric issues preventing the rats from engaging in the various
food protection behaviors. An ANOVA was conducted on peak speeds during food protection
behaviors, with group (sham vs. lesion) as a between-subjects measure and behavior (dodge vs.
brace) as a within-subjects measure. The ANOVA revealed a significant main effect of behavior
[F(1,15)=72.575, p< .001, η2partial = .829] but failed to reveal a significant effect of condition
[F(1,15)=.035, p=0.854, η2partial = .002] or a group x condition interaction [F(1,15)=3.814,
p=0.070, η2partial = .203]. On average, the peak speeds for dodges (M = 62.3, SEM = 2.7) were
higher than those for braces (M = 32.7, SEM = 2.5). Sham and DCS animals did not differ in
their motoric ability to engage in appropriate food protection behaviors (Figure 13).
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Figure 12: Spatial Characteristics. : Average number of thefts is plotted (top left panel) for sham
and DCS rats. No significant differences were observed. Average number of thefts by side of
approach is plotted for sham and DCS animals (top right panel). DCS animals exhibited
significantly more thefts (M = 2.87, SEM = 1.36) than sham animals (M = .3, SEM = .15) when
the robber approached the animal from the left side. Distance between the dodger and robbers’
noses by side of approach is plotted for sham and DCS rats (bottom panel). No group differences
were observed.
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Figure 13: Micro-level Food Protection Characteristics. Micro analysis of food protection
behaviors did not show group differences between sham and DCS groups; peak speeds were
shown to be higher for dodges than for braces across groups.

CHAPTER 4
DISCUSSION
The current study examined the effects of unilateral NMDA excitotoxic lesions of the
dorsocentral striatum (DCS) on food protection behavior. Rats that received unilateral DCS
lesions exhibited both spatial and temporal deficits. DCS lesion rats exhibited an impaired ability
to protect the food item from theft, specific to approaches from the left side. Lesion rats also
transitioned between food protection behaviors during later samples compared to sham rats. The
following sections consider evidence that unilateral DCS lesions produce deficits in spatial and
temporal processing and that temporal deficits observed may be due to attentional disruptions.
Interval Timing and Food Protection
The results of the present study indicate that unilateral lesions of the DCS are associated
with temporal impairments in the food protection task. More specifically, DCS rats transitioned
between dodges and braces significantly later (approx. sample 5) than sham rats (approx. sample
3). This significant group difference may reflect an altered perception of time in DCS rats as a
result of the unilateral lesions. As previously discussed, neuroanatomical work has provided
evidence that implicates the dorsal striatum in the processing of temporal information at the
interval timing (seconds to minutes) level (Buhusi & Meck, 2005). As a result, damaging this
structure may account for group differences observed; however, a more specific examination of
this disruption is necessary. Given the non-selective nature of the lesion method (NMDA) used
in the current study, differences observed could stem from disruptions of one or more NT
systems believed to play a role in interval timing. More specifically, research has implicated the
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dopaminergic (DA) system in regulating the clock stage of interval timing (Buhusi & Meck,
2002; Meck, 1996; Wallace et al., 2006) while the cholinergic system (Ach) has been implicated
in regulating the memory stage of interval timing (Gibbon, Church, & Meck, 1984; Martin et al.,
2008; Oddie, Kirk, Whishaw, & Bland, 1997). One or both of these systems may have
potentially been disrupted following unilateral DCS lesions. The following section will consider
the role of the DCS in interval timing and attempt to explain the group differences observed in
the context of DA and Ach system disruptions in interval.
Neuroanatomical work has provided evidence that suggests that the dorsal striatum is a
part of a system of structures activated during interval timing tasks (Figure 14; Buhusi & Meck,
2005). Within the circuit, the dorsal striatum receives dopaminergic projections from the
substantia nigra pars compacta (SNc). By unilaterally destroying the DCS (the central portion of
the dorsal striatum), dopaminergic afferents from the SNc could have been disrupted or
destroyed. This disruption in DA may alter the rat’s internal clock and augment the counts of
pacemaker-accumulated pulses, resulting in the behavioral differences observed. Indeed, the
behavioral differences observed in the current study are consistent with work examining
pharmacological manipulations of the DA system in the food protection task.
Manipulations of the dopaminergic system have been shown to influence the clock stage
of interval timing within the food protection paradigm (Wallace et al., 2006). Acute
administration of a dopaminergic agonist (amphetamine) or antagonist (haloperidol)
differentially influenced the amount of dodging and bracing behavior that rats engaged in. When
a dodger is given a food item, it continuously monitors the rate at which the food item is being
consumed. For example, under saline conditions, the rate of consumption (the amount of food
consumed per temporal interval) could be approximately 1000 mg/60 s =16.67 mg/s.
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Figure 14: Cortico-striatal-thalamic interval timing circuit. Cortical structures (the PPC and
PFC) receive glutamatergic projections from thalamic nuclei and cholinergic projections from
the nucleus basalis (NB), (2) the striatum receives glutamatergic projections from cortical
structures, (3) the striatum sends GABAergic projections to the globus pallidus and substantia
nigra pars reticulate (SNr), (4) the substantia nigra pars compacta (SNc) sends dopaminergic
projections back to the striatum and the globus pallidus sends GABAergic projections back to the
thalamic nuclei.
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When pharmacological manipulations elevate dopaminergic function (through the administration
of amphetamine), the rat’s estimate of time increases despite the quantity of food the rat is eating
remaining constant. This results in a slower perceived rate of consumption (i.e, 1000 mg/80 s
=12.5 mg/s) and a longer estimate of the time to eat the food item. This was associated with an
increased likelihood of engaging in dodging behavior. These results are consistent with the
behavioral results of the current study. Rats that received unilateral DCS lesions were observed
to transition between dodges and braces significantly later than sham rats and exhibited
significantly more dodging than bracing behavior across samples. As with rats that received
acute administration of amphetamine, this prolonged dodging behavior suggests that DCS rats
had a slower perceived rate of consumption and a longer estimate of the time to eat the food
item, which reflects a change in the DCS rats’ clock stage of interval timing; however, unilateral
destruction of the DCS should result in damage to this pathway (and a unilateral decrease in
striatal dopamine). This is contradictory to the idea that DCS lesions facilitate DA within the
interval timing circuit. If this were the case, then DCS rats should have exhibited significantly
more braces than dodges. In the current study this was not the case; lesion rats exhibited very
little bracing across all samples, which is inconsistent with the rats that received acute IP
administration of a dopaminergic antagonist (haloperidol) discussed previously.
Instead, it may be the case that this dopaminergic input is a feedback loop that modulates
amounts of GABA sent to the globus pallidus (GP) and thalamus. In addition to receiving
dopaminergic input from the SNc, the dorsal striatum sends modulatory GABAergic projections
to the GP and thalamus. An alternative explanation to the behavioral results observed in the
current study is that the resulting unilateral dysregulation of DA may have resulted in a unilateral
dysregulation of modulatory GABA sent to the GP and thalamus. This dysregulation in GABA
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may result in increases of thalamic glutamate sent to the PFC and PPC. This unilateral increase
in thalamic glutamate could result in a mismatch in pacemaker-generated pulses (potentially
higher counts in the ipsilesional side). These higher counts would be associated with an increase
in the perception of time that is faster than that of sham rats (again, consistent with a slower rate
of consumption). This may have led to the observed increases in DCS rats’ dodging behavior and
may explain why they transitioned between dodges and braces significantly later than shams.
This interpretation is supported by findings demonstrating that rats exhibited significant
increases in premature responding during reaction time tasks following bilateral DA depletion of
the dorsal (Baunez & Robbins, 1999) and dorsomedial striatum (Amalric, Moukhes, Nieoullon,
& Daszuta, 1995), a behavior that was shown to persist throughout testing. While this may be the
case, it is worth noting that this effect may change across sessions, as previous work has shown
that while initial administration of DA agonists (increase clock speed in peak interval task),
continued training under the influence of the drug actually results in a “rescaling” of time or a
“recalibrating” of the interval timing system and an associated return to basal peak responding
(Meck, 1996). For example, for rats treated with methamphetamine, they may now perceive that
reinforcement occurs after 90 pulses rather than after 60 pulses. As training proceeds, more
instances of this new value are stored in reference memory, eventually replacing the old 60-pulse
value with the new 90-pulse value, thereby “rescaling” the animal’s perception of time. To rule
out the possibility of rescaling occurring following unilateral DCS lesions, future work should
consider carrying out testing an additional week to examine the rats’ behavioral transitions. If
rescaling occurs, there should be a difference in the sample with which the rats transition
between food protection behaviors (initially from a later sample to an earlier sample).
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Additionally, future work should examine the effects of differential pharmacological
manipulations on animals with DCS lesions. Specifically, one group of rats would take part in
five days of food protection to establish a baseline for when behavioral transitions occur.
Following the initial five days of food protection, rats would receive intra-striatal infusion of a
dopaminergic antagonist and undergo an additional five days of food protection to examine
whether a shift in behavioral transitions occurs. If a shift were observed such that rats transition
between dodges and braces later, it would suggest that nigrastriatal dopamine modulates the
expression of GABA to the thalamus. If a shift were observed such that rats transition between
dodges and braces earlier, it would provide additional evidence supporting a role for nigrostriatal
DA in the generation of appropriate pacemaker counts. Although differences in temporal
organization observed in DCS animals may be due to deficiencies in striatal dopamine (given the
composition of the DCS), it may also be the case that DCS lesions resulted in disruptions of the
cholinergic system, which has been implicated in the memory stage of interval timing.
Manipulations of the cholinergic system have also been shown to affect the organization
of food protection behaviors. Specifically, cholinergic blockade (through infusion of atropine, a
cholinergic antagonist) of the medial septum (MS) resulted in disruptions in engaging in food
protection behaviors (Oddie et al, 1997). While the ability to engage in food protection behaviors
was severely disrupted following cholinergic blockade, rats that received the blockade were still
able to engage in behaviors as robbers. Specifically, they were able to pursue conspecifics, locate
the stolen food item from the conspecific, and successfully steal the food item back. This
suggests that the ability to engage in and organize food protection behaviors is a more complex
process than engaging in behaviors associated with stealing a food item. More specifically, the
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ability to engage in food protection behaviors requires successful integration of several
sensorimotor events, some dependent on interval timing.
It may be the case that the cholinergic blockade impaired that ability to integrate this
information (perhaps it resulted in disruptions in the ability to store pacemaker-accumulated
pulses or retrieve previously stored values for reference). If the animal has no temporal reference
for the estimate of time to eat, it would result in a disruption in the organization of food
protection behaviors. The impairments in the ability to generate appropriate responses to an
incoming robber following cholinergic-specific blockades are interesting in the context of the
current experiment. While rats with DCS lesions were able to generate food protection behaviors
and successfully transition between them, they occurred during the last sample of a food
protection session. This difference in behavioral transitions in the current study may reflect
differences in cholinergic function. Neuroanatomical work has shown that the DCS contains a
variety of large spiny projection neurons, most of which are cholinergic interneurons (Kelland,
Chiodo, & Freeman, 1991; Kemp & Powell, 1971). These interneurons are important integrators
and modulators of striatal function (Alcantara, Chen, Herring, Mendenhall, & Berlanga, 2003).
Given the non-selective method for creating the unilateral DCS lesions in the current study, it is
highly probable that high percentages of these interneurons were destroyed. Destruction of these
interneurons could result in a unilateral decrease in cholinergic function. This decrease could
result in impairments in integrating pacemaker-accumulated pulses into reference memory and
result in a mismatch in the storage or retrieval of previous clock-stage values. This mismatch
then could affect the response that is elicited (i.e, a dodge or brace) and could result in a
differential organization of food protection behaviors. To investigate this possibility, future work
should employ cholinergic-specific immunotoxins to examine the cholinergic contributions to
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and within the DCS. If cholinergic specific lesions result in differences in food protection
organization, it would suggest that the DCS may play a role in the memory stage of interval
timing and that the ability to effectively store and retrieve pacemaker-accumulated pulses is
essential for engaging in appropriate food protection behaviors.
Egocentric Deficits
The results of the present study indicate that unilateral lesions of the DCS are associated
with egocentric-based spatial impairments in the food protection task. DCS rats exhibited
lateralized impairments in their ability to protect the food item from theft. Specifically, DCS rats
exhibited significantly more thefts when the robber approached them from the left side but
exhibited few thefts when the robber approached them from the right side. In comparison, sham
rats experienced few thefts from either left or right side approaches. The lateralized deficit
observed in DCS rats may reflect a sensorimotor impairment produced by the lesion. These
results are consistent with other studies demonstrating neglect-like symptoms and an impaired
ability to attend to stimuli on the side contralateral to unilateral lesions of the DCS (VanVleet et
al., 2000, 2002, 2003). In addition, these results are consistent with work examining the effects
of cortical lesions on egocentric processing and provide support for the DCS in processing
cortical information. Specifically, cortical lesions of the MPFc (Kesner et al., 1989) or AGm
(King & Corwin, 1992) were associated with impairments in egocentric-processing-based spatial
tasks. Given the previous support for the DCS as a processor of cortical information, it is likely
that by damaging the DCS, egocentric spatial information from cortical afferent pathways is
disrupted, resulting in impairments in egocentric spatial processing observed in the current study.
These results also provide further support for a network of structures including the DCS, AGm,
PPC, and thalamic nuclei that may underlie multimodal neglect and spatial processing relative to
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the egocentric reference frame (Corwin et al., 1986; Reep & Corwin, 1999; VanVleet et al.,
2000).
Two alternative possibilities could be mediating the above results and must be
considered. First, by lesioning the DCS, its dopaminergic afferents from the substantia nigra pars
compacta (SNc) may have been damaged. This damage may result in gross motor impairments
that contributed to group differences in the current study. Previous work examining the effects
of unilateral nigrastriatal dopamine (DA) depletion (via 6-OHDA) reported rats exhibiting
impairments (changes in posture and shortened reaches) in skilled reaching tasks (Miklyaeva,
Castaneda, & Whishaw, 1994; Sabol et al., 1985; Vergara-Aragon, Gonzalez, & Whishaw, 2003;
Whishaw, O’Connor, & Dunnet, 1986; Whishaw, Woodward, Miklyaeva, & Pellis, 1997). While
these results suggest that dopaminergic depletion of the striatum is associated with gross motor
impairment, it is important to note that the studies discussed above utilized gross, unfocused
dopaminergic depletions. The widespread nature of the depletions discussed above suggest that
lateral portions of the striatum may have been affected, manifesting in motor coordination issues
and response initiation issues. It has been documented previously in anatomical and
electrophysiological work that axons associated with motor function are localized in more lateral
portions of the striatum (Cheatwood, Corwin, & Reep, 2005; Glynn & Ahmad, 2002). Indeed,
when DA depletions were confined to medial portions of the striatum, no motoric deficits in
reaching were observed. When the lateral striatum was depleted, rats experienced gross motor
impairments in reaching ability (Sabol et al., 1985). The current study is distinct from the above
studies in that it utilized lesions that were more focused and restricted to the dorsocentral portion
of striatum and did not extend to lateral portions of the striatum. In addition, no group
differences were observed in total distance traveled during open-field and total number of food
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protection behaviors, suggesting that DCS rats were capable of gross motor movements
following the lesion. Therefore, given the focused nature of the current study’s lesions and the
lack of group differences in gross motor measures, group differences observed in food protection
characteristics are not likely attributable to gross motor impairments.
Another possible explanation for the study’s current findings could be due to the
unilateral nature of the lesion. It may be the case that the attentional pathway contralateral to the
lesion (the intact side) begins to overcompensate for the impaired pathway. This
overcompensation may have resulted in enhanced responding to the side ipsilateral to the lesion.
If this were the case, DCS rats should have exhibited greater distances between noses for
approaches to their right side (ipsilateral to the lesion). However, the behavioral findings from
the current study do not support this. Analysis of distances between the noses by side of
approach revealed no differences in distance between noses. The lack of enhanced responding to
ipsilateral information is consistent with previous findings showing that lateralized spatial
impairments associated with unilateral DCS lesions were not due to an enhanced tendency to
respond to stimuli (i.e, the approaching robber) ipsilateral to the lesion (VanVleet et al., 2000,
2002).
Attentional Deficits
As discussed above, unilateral DCS lesions resulted in both spatial and temporal
deficits.The ability to successfully detect the passage of time and engage in coordinated
sequences of events is dependent on an organism’s ability to attend to particular aspects of their
internal and external environment (Gibbon, Church, & Meck, 1984; Meck, 1996; Meck &
Benson, 2002). The traditional, information-processing model of interval timing relies on a
three-stage model positing the use of an “internal clock”. Within the model, a pacemaker emits
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pulses that are gated through various attentional processes (hereafter referred to as the attentional
switch). The switch can close (allowing pulses to pass through to storage) whenever temporally
significant information is detected and open (stopping the flow of pulses) once the significant
temporal information has ended (Meck & Benson, 2002). When non-temporal or non-significant
temporal information interrupts a temporal interval, it has been posited that the switch will open
and attentional resources will be diverted to the interrupting stimulus (Macar, Grodin, & Casini,
1994). Timing work has debated whether the ability to maintain accurate counts during these
attentional interruptions (or breaks in timing) is due to stopping/pausing (Roberts, 1981) or
resetting (Roberts, Cheng, & Cohen, 1989) the clock. The peak interval procedure task has been
used to examine this. Rats trained to respond on a fixed-interval (FI) 40-sec schedule typically
exhibit a peak in responding rate around 40 seconds. When rats experience a 10-second timeout
within a given trial, the peak in responding is delayed by 10 seconds (peaks occurred around 50
seconds). These observations were taken as evidence that rats were effectively stopping their
clock or pausing their pacemaker counts for the duration of the break and subsequently restarting
the clock following the break (Roberts, 1981). Other research examining timing has suggested
that timeouts in the peak procedure reset the clock. When pigeons experienced time-outs in a
peak procedure task, their peak rates were shifted to the right to include the duration of the timeout. For example, a bird timing a 15-sec signal with a 9-sec time-out exhibited its peak
responding around 39 sec. These results are consistent with the pigeons resetting their clock to 0
sec and starting counts when the time-out ended (Roberts, Cheng, & Cohen, 1989). Whether the
clock is paused during an attentional disruption or is reset when the disruption ends remains
unclear; however, these observations highlight a possible interaction between attentional and
temporal processes.
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Evidence for an interaction between attentional and temporal processes can be seen in rats
that received cholinergic-specific 192-IgG saporin lesions of either the medial septum (MS) or
nucleus basalis (NB) in a food protection task. These lesions were associated with dissociable
differences in food protection. Nucleus basalis lesions impaired rats’ ability to protect a food
item from theft while sparing the ability to transition between food protection behaviors.
Conversely, MS lesions spared ability to protect a food item from a conspecific but impaired
their temporal ability to transition between dodges and braces during a trial (Martin et al., 2008).
These impairments suggest an interaction between temporal and egocentric processing.
Disrupting this interaction may result in lateralized deficits and temporal distortions.
In the context of the current study, it may be the case that the unilateral DCS lesions
diminished the rats’ ability to maintain accurate pulse values in the presence of attentional
disruptions. For example, as the dodgers are given a food item to eat, they begin timing their rate
of consumption (i.e., 1000 mg /60 sec). Throughout a food protection trial, the dodger is
consistently approached by the robber, forcing the dodger to elicit a food protection behavior
(such as a dodge or brace) to protect the food item. These disruptions in eating (engaging in a
food protection behavior) should cause the attentional switch to pause (or reset) pacemaker
pulses with each robber approach. If DCS lesions disrupt this proposed interaction between
attention and timing, it could disrupt this attentional switch. Disrupting this switch may result in
impairments attending to attentional disruptions in timing and lead to increases in pacemakeraccumulated pulses. Accumulating these extra pulses could result in an increase in the perceived
passage of time, which may result in a different perceived rate of food consumption (i.e., 1000
mg/80 s =12.5 mg/s) and a longer estimate of the time to eat the food item. This increase in
perceived eating time would then increase the likelihood of engaging in dodging behavior. This
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interpretation is consistent with the findings of the current study. DCS rats exhibited more
dodging than bracing across trials and transitioned between the two behaviors significantly later
than sham animals.
Contributions of Other Factors to Food Protection
Although the processing of both spatial and temporal sources of information contributes
to the organization of food protection behavior, this organization has been shown to be
dependent on the functioning of other systems. Specifically, the ability to engage in food
protection behaviors depends on motivational, gross motor function, and even certain social
factors. To determine the degree to which group differences may have been mediated by a more
general disruption in food protection behavior, several measures were used. First, differences in
food protection behaviors may have reflected a difference in motivation to consume and protect
the food item. The dodger has to be motivated to consume the food pellet. Groups did not differ
in the amount of time required to consume the food pellet in the absence of the robber. This is
consistent with groups being equivalent in their motivation to consume the food pellet.
Second, an impairment in gross motor coordination may have affected the ability to
handle the food item or engage in specific food protection behaviors, which may have mediated
group differences in food protection. Several lines of evidence discount this as a mediating
factor. First, equivalent total distances traveled were observed for groups during open field. Also,
dodging and bracing behavior kinematics (i.e., peak speeds) were observed across groups. In
conjunction, the ability to protect the food item from theft was shown to be independent of
observing behavioral transitions between dodging and bracing food protection behaviors.
Furthermore, previous anatomical and electrophysiological work has provided track-tracing
evidence that axons associated with motor function are not observed in the DCS region but are
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localized in dorsolateral striatum areas (Cheatwood, Corwin, & Reep, 2005; Glynn & Ahmad,
2002). Further research should be conducted using unilateral lesions of the dorsolateral striatum
along dorsocentral striatum lesions as a control for motor coordination deficits.
Finally, food protection behavior is dependent on certain social factors. Specifically, food
protection behaviors are elicited as a result of the robber approaching the dodger. The absence
of a significant group difference in total number of behaviors exhibited suggests that both groups
were equally motivated to protect the food item from the robber and that the robbers were
equally motivated to attempt to steal the food item from both groups of dodgers. The above data
provide several lines of evidence that suggest group differences were not mediated by
motivational, motoric, or social factors. Group differences should be attributed to potential
spatial and/or temporal differences between the groups.
Conclusions
The current study demonstrates that the area of the DCS contributes significantly to the
spatial and temporal abilities required to engage in food protection behaviors. Rats that received
unilateral lesions of the DCS exhibited lateralized deficits in the ability to protect the food item,
suggesting a spatial impairment in the egocentric reference frame. In addition, DCS rats
exhibited behavioral transitions in much later food protection samples compared to sham rats.
This suggests a differential processing of interval timing between the groups. Specifically, the
current study suggests that lesions of the DCS result in leftward shift in the clock stage and a
resulting increase in the rats’ perceived time to eat the food item.
The current study also demonstrates that the kinematic analysis of naturally occurring
behaviors, using the food protection task, is a robust paradigm for investigating the neurobiology
of spatial navigation. Using the food protection task offers several benefits over other behavioral
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tasks. First, it allows for the evaluation of multiple specialized processes and whether or not they
interact with one another or operate in parallel. For example, the current study revealed that
processes related to spatial and temporal information processing may operate in conjunction with
one another. Second, the food protection behavior takes advantage of spontaneously occurring
behaviors in which the rats will readily engage. This translates into minimal training for each rat
and limits exposure to the testing apparatus. Finally, given the complex, multivariate nature of
food protection (i.e., its spatial, temporal, and social factors), it makes for a robust task to
develop models and novel therapies for disease pathologies associated with damage to spatial or
temporal impairments.
Future work is needed to further investigate the functional organization of the corticostriatal-thalamic network of structures examined in the current study. This work could examine
the role of pharmacological manipulations as a means of novel therapy for neglect recovery.
Drug infusions into the DCS may provide additional insight into the role the DCS plays in
neglect recovery. Of additional interest would be evaluating the role of the cortical structures
associated with this network (AGm & PPC) in terms of their contributions to interval timing.
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